A novel indirect chronology method has been developed to identify Sagunto Castle construction periods. The method is based on the use of inductively coupled plasma mass spectrometry (ICP-MS) to determine rare earth elements (REE) and other trace elements in mortars. Additionally, a no destructive geochemical analysis based on X-ray fluorescence (XRF) was employed for major elements determination. Collected chemical data were processed through Principal Component Analysis (PCA) to highlight any differences among the mortars belonging to different buildings and construction periods. The results show that PCA analysis permits to discriminate 2 construction periods according to mortar sample REE contents. Major elements and trace elements show just coarse differences related to the mortar composition. The proposed method permitted to clarify important issues about wall stratigraphy and its effectiveness on a novel indirect chronology developed method.
Introduction
The study of ancient mortars is of pivotal importance to understand the building process of archaeological and architectural heritage. Mortar chemical analyses have been carried out to identify raw materials provenance [1, 2] , to know processing procedures [3, 4, 5] and also for restoration purposes [6, 7, 8] . For example, Marra et al. [2] performed geochemical and petrographic methods to characterize the different natural pozzolanic materials used in the ancient mortars of some Roman monuments and to determine their provenance. The study of mortars samples from Roman catacombs, allowed Sánchez-Moral et al. [8] to collect information about their setting techniques in relation to their function and to determine the state of conservation of mortars exposed to the particular conditions of hypogean environments. Moreover, data confirmed to be particularly useful to verify the sequence of construction phases retraced by the archaeologists, and to solve chronological issues [9, 10, 11, 12] . In particular, Arizio et al. [9] , carried out statistical treatment of data obtained from calcimetric and chromatography analyses on the mortars of the Balivi Tower in Aosta (Italy) for distinguishing different construction phases on basis of chemical composition of the mortars.
Mineralogical and petrographic methods have often been employed to study ancient mortars. Thermogravimetric analysis (TGA) has been used especially to determine the hydraulic character of the binder fraction [13, 14, 15] . X-ray fluorescence (XRF), frequently associated with other techniques such as optical microscopy (OM), scanning electron microscopy (SEM) and X-ray diffraction (XRD), provided excellent methods to detect the main features of a mortar [16, 17, 18, 19] . In a recent paper, Leone et al. [18] have used some of these techniques to characterize mortar samples from the Roman city of Herculaneum (Italy) and to determine their degradation state. In particular, they were able to determine the mortar conservation measuring porosity and aggregate/binder ratio by OM, and through the presence of sulphurous compounds detected by XRF and TGA.
In This work a pioneering archaeometric study was carried out on the famous Castle of Sagunto. Due to the uncertainty of the archaeological studies, carried out in a context characterized by a complex stratigraphy of the masonries, by a long and continuous occupation and by the reemployment of materials in different historical periods, for the first time an indirect chronology method, based on mortar rare earth elements (REE) analysis, has been developed to clarify issues concerning the building stratigraphy and construction phases of the monument.
The area of Sagunto (Valencia, Spain) has been occupied since the Iberian period, at least since the 5th century BC (See Figure 1) . The importance of the city increased under the influence of Rome and in 218 BC it was destroyed by Hannibal after a long siege during the Second Punic War. After the war, the city of Sagunto became a Roman municipium and in the first Imperial Age it was interested by the construction of important buildings such as the theater [20] , which was recently restored, and the anphitheatre. Innovative methodological approaches employing REE have been recently established to tackle challenging archaeological problems related to the polished stone raw material origins [23] and soil formations [24, 25] . REE and other trace elements analysis have been used by some authors to identify mortar raw materials [2, 3, 26, 27, 28] . For example, studies of REE in mortar samples were carried out by Mirello et al. [27] employing La/Ce ratio, to identify the provenance of limestone employed to made the mortars at the Aztec Sacred Precinct of Tenochtitlan (Mexico City). Components Analysis (PCA) was used to observe mortar samples distribution.
Materials and methods

The studied samples
Fifty-one samples were sampled from Sagunto Castle masonry (See Figure 1) . In table 1 the macroscopic characteristics of the sampled mortars can be appreciated.
Ten samples (S6, S7, S8 S41, S44, S59, S60, S61, S62 and S63) were collected from a wall considered a part of the Sagunto fortification during the Roman Republican period (SMR). Three samples (S47, S72 and S45) from a structure belonging to the Roman Republican Forum (FRW) located on the western area of the Castle and three (S54, S46 and S57) from the Temple (TMP) nearby the Forum.
Seven samples (S12, S13, S14, S15, S16, S37 and S38) were collected from a tower included in the Muslim defensive wall, called Torre Centrale Estudiantes (TCE).
According to the archaeological interpretations, TCE foundations have been dated back to the republican period and it was characterized by other building interventions in the Islamic and modern periods [29] . Six samples were collected in the Roman Imperial Forum [30] area: two of them (S48 and S49) come from the tabernae (TFI) and five (S3, S50, S51, S55 and S58) from the basilica (FBI) where the sample S51 was collected from a wall considerate from an uncertain period. This last building was especially affected by different construction interventions during the Islamic occupation. Three other samples were collected from Imperial Forum in a structure identified as the Curia (CUR): two (S52 and S53) from the walls and one (S56) from the pavement. Six samples were collected from the Roman Theatre (TR): two samples (S64 and S65) from the foundations of the proscaenium, one sample from the valva regia (S67), another (S68) from the restored façade of the western aditus and two samples, (S66 and S69), from the ima cavea western area.
Ten samples were collected from the Islamic Wall: four (S1, S17, S39 and S40) from the first track (MI) and five (S9, S10, S11, S42 and S43) from the second one (MII). However the archaeologists suspected that MII was rebuilt in the Modern Age due to the damages suffered during the Napoleonic Wars. Sample, S2 was collected from the 16 th century Wall MXVI, and sample S4 from the 17th century Hermitage (ERM) being S5 taken from a Napoleonic barrack (DNAP).
Mineralogical and petrographic analysis
Mineralogical and petrographic analysis could be carried out just in well preserved mortars. The macroscopic features of some mortar samples (S1, S2, S3, S4 and S5)
were observed with a Wild-M3C stereomicroscope up to 200 magnifications.
Mineralogical and petrographic investigations of the mortar samples were performed by optical microscopy (OM) on polished thin sections using a Zeiss-Axioplane polarising 
XRF analysis
Homogenized and pestle samples were directly analysed by using a portable X-ray fluorescence. Instrument spectra were obtained using a portable model S1 Titan energy dispersive X-ray fluorescence spectrometer from Bruker (Kennewick,Washington DC, USA) equipped with a Rhodium X-ray tube and X-Flash® SDD detector. For instrument control S1RemoteCtrl (Geochem-trace programme) and S1Sync software from Bruker were employed to measure percentage of Al 2 O 3 , SiO 2 , CaO, Ti, Fe and for spectra treatment, the ARTAX software from Bruker was used. The standard error of readings during the analysis ranged from 1% to 9% for oxides and elements. Reference standard soil NIM GBW07408 and lime stone NCS DC60108a were used as standard reference materials for evaluating the quality of the employed method (Table 2 ). In case of lime stone NCS DC60108a, Ti levels are below the limit of detection and also the inadequate uncertainty of Al 2 O 3 is related to the sensitivity of the employed device.
ICP-MS analysis
Sample preparation and digestion were carried out pre-crashing the mortar samples employing a jaw crusher, and an agate mortar.
The selected digestion method consisted in the addition of 1.35 ml HCl and 0.45 ml HNO (Using 37% HCL and 69% HNO high purity stock bottles) to 0.15g of sample in glass tubes placing them in a water bath at 100C for 40 min. Subsequently, the digested solutions were carefully poured into plastic tubes of 50 ml, bringing the Rh was used as internal standard for ICP-MS analyses.
Analyses were performed by ICP-MS employing the analytical parameters in Table 3 .
Thirty-one elements were analysed including major elements, trace elements and REE.
The analytical mass isotope instrumental detection and quantification limits (LOD and LOQ, respectively) and R² are listed in Table 4 .
Data analysis
For statistical analysis 51 samples were employed. All variables (major elements, REE and other trace elements) were used for modelling. PCA was used to explore large geochemical datasets reducing the number of variables and providing a deep insight into the structure of the variance of the dataset. For PCA analysis 51 samples and 36 variables, mean centering and autoscaling pre-processing prior to modelling were used.
Cross validation was carried out employing leave one out method.
Data analysis was carried out using the PLS Toolbox 6.5 for Eigenvector Research Inc., (Wenatchee, WA, USA) running in Matlab R2014b from Mathworks Inc., (Natick, MA, USA).
Results and discussion
Mineralogical and petrographic features
From the petrographic point of view, the studied samples (S1, S2, S3, S4 and S5) are strongly inhomogeneous due to the presence of abundant lumps. The aggregate-binder ratio ranges from 3:1 to 1:3 in all samples (in some cases the sample is substantially a lump of lime with little or no aggregate and other mortars with low aggregate to binder ratio). The binder mortars were obtained by baking an impure limestone and the binder fraction seems to consist of calcite + CSH phases (data not shown). Regarding the mineralogy of the aggregate could be observed the presence of clasts of quartz, feldspars, fragments of plutonic rocks and of carbonate rocks. It should be emphasized that the fragments of carbonate rocks are sometimes coarse and particularly abundant.
The analysed samples seems to be very similar looking at the mineralogy and petrography, however the abundance of limestone fragments show that probably the limestone outcrops on the bases of the hill hosting Sagunto Castle were exploited to made the mortars for many centuries, as confirmed by the archaeological evidences, in fact the sample belong to the Roman Imperial period (S3), Islamic period (S1), XVI century (S2), XVII century (S4) and Napoleonic period (S5).
Major elements composition
Samples were measured by XRF and Figure 2 shows the spectra obtained for all the samples. to 0.2%).While sample S52 was characterized by high levels of silica and alumina, its concentrations of Ti (0.09%) and Fe (1.0%) were very low. The samples of the other groups with CaO as the main compound are characterized by low levels of alumina (1.2% to 0.3%), Fe (1.7% to 0.7%) and Ti (0.2% to 0.06%).
REE and trace elements composition
As mentioned above samples were measured by ICP-MS and the results obtained are reported in Tables 6 being expressed ) got values between 6 g/g and 5 g/g. TCE presents higher values for S13, S15 and S16 (from 9 g/g to 8 g/g) and low ones for S12, S14, S37 and S38 (from 6 g/g and 5 g/g). Trace element values for Bi, Tl, Cd, Sc, Ni, Co, Cr, V and Li do not show clear differences between the studied groups. In case of lead (Pb) the values ranged from 86to between 778 and 172 but S68 (TR) has high values of both Ba (411 g/g) and Mn lower trace elements values in some samples more than others are probably due to unintelligible causes so it is unlikely find an explication about that.
In short, results show that trace elements do not allow clearly discriminate samples from different groups. However, REE and Y put in evidence geochemical differences between mortars collected from differences structures of Sagunto Castle.
PCA study
Principal Component analyses (PCA) has been applied to the whole set of samples Table 1 ). On the other hand it can be concluded that Y is not a representative variable in the PCA model.
Resuming, the results show that REE analysis enable to distinguish between different construction periods and also allowed to observe material recycle from prior construction periods.
Evaluation of Sagunto Castle construction phases
The occupation of the Sagunto Castle area had been incessant for about two millenniums during which battles and devastations have come in succession, followed by several interventions of construction, rebuilding and restoration, frequently made by reemploying old materials. While these intricate sequences of events make the retracing of the different construction phases particularly hard for archaeologists, REE data and statistical treatments could provide an essential support in this task.
The mineralogical and petrographic study do not help to distinguish from construction phases but may show that for many century the row materials employed to made mortar were extracted from the limestones outcrops nearby the Castle. TCE samples distribution need a particular consideration. As previously mentioned, TCE tour foundations have been dated back to the Iberian-Roman period and it was reemployed in the Islamic and modern periods. If we have a look at figure 4 we can observe that the wall stratigraphy and chronology of this structure it is revealed by REE data. In fact S13, S15 and S16 could be part of the Roman republican period, S14 and S12 to the Muslim employed materials and ultimately S37 and S38 should belong to the Modern age.
Thanks to the capability of REE mortar analyses to discern the different occupation periods and to understand the wall chronology, significant advances have been reached on the study of an important monument as it is the Sagunto Castle.
Conclusions
The pioneering study carried out on Sagunto Castle mortars has revealed interesting data about the construction phases. Table 1 . Sample description including, name of the analyzed samples, location and acronym.
Note: Macroscopic features: 1 Gravel (over 2 mm); sand (between 2 mm and 0.063 mm); Silt (less than 0.063 mm); 2 Very Tough (not burst);
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